Rationale: Budd-Chiari syndrome (BCS), which causes congestive hepatopathy and aggravates cirrhosis, is typically treated by interventional angioplasty to ameliorate blood flow. X-ray venography is useful for the evaluation of inferior vena cava (IVC) stenosis and determination of treatment timing, but it is invasive and thus unsuitable for repeated examinations. The development of a simple method for the prediction of IVC stenosis would reduce the burden on patients with BCS.
Introduction
Budd-Chiari syndrome (BCS) is a rare clinical disorder caused by obstruction of the hepatic venous outflow tract, and can result in congestive hepatopathy. The resulting long-term liver congestion triggers hepatic fibrosis, leading to cirrhosis and hepatocellular carcinoma. [1] [2] [3] In Asia, membranous obstruction of the inferior vena cava (IVC) is the major cause of BCS. [4] Percutaneous transluminal angioplasty (PTA) is frequently performed to alleviate hepatic congestion in patients with BCS and membranous obstruction. [5, 6] However, restenosis of the IVC often occurs, even after successful treatment [7] ; in cases of severe occlusion of the IVC, retreatment by intravascular needle puncture-an invasive procedure with the potential for severe complications-is required. Therefore, the periodic monitoring of IVC patency and determination of the appropriate timing of PTA prior to the development of severe IVC obstruction are mandatory. Catheter venography is the most direct method for the assessment of IVC patency, but it is unsuitable for repeated examinations due to its invasiveness. Doppler waveform of the hepatic vein (HV) revealed by abdominal ultrasonography (US) is classified into triphasic, biphasic, and monophasic patterns and is known to reflect several conditions and hemodynamics of the liver. [8] Liver stiffness (LS) measured by elastography, which is a useful device for evaluation of liver fibrosis, also reflects the degree of liver congestion. [9, 10] In this report, we present the cases of 2 patients with BCS treated by PTA, in whom the combination of HV waveform assessment by Doppler US and LS measurement by transient elastography (TE) facilitated evaluation of the therapeutic effect and monitoring for postoperative restenosis.
Case presentations

Case 1
A 39-year-old male with a history of a sustained low platelet count detected during health checkups presented to our hospital. US performed at an outpatient clinic had suggested the presence of chronic liver disease with splenomegaly and collateral formation of the portal vein. Contrast-enhanced computed tomography (CT) revealed severe stenosis of the IVC; based on this finding, the patient was diagnosed with BCS. We obtained HV waveforms using pulsed-wave Doppler devices as previously reported. [11] The Doppler gate was placed on the right HV 1 to 3 cm distal to the inferior vena cava by an intercostal approach and a flattened monophasic pattern was detected that likely reflected blocked transmission of cardiac pulsation from the right atrium to the HV due to IVC stenosis ( Fig. 1A ). In addition, TE (FibroScan) yielded an LS value of 17.8 kPa, suggesting congestion and/or severe fibrosis of the liver.
X-ray venography showed complete obstruction of the IVC, and the pressures below and above the obstruction were 17 and 8 mm Hg, respectively (pressure gradient, 9 mm Hg; Fig. 1B ). The IVC obstruction was treated by intravascular needle puncture followed by balloon dilation. This treatment decreased the pressure gradient between below and above the obstructed site to 2 mm Hg, indicating successful removal of the IVC obstruction.
On the day after PTA, the waveform of the patient's RHV, assessed by Doppler US, had changed to a biphasic pattern ( Fig. 1A) . His LS value decreased rapidly to 8.7 kPa, suggesting that the high LS value before PTA was due to congestion of the liver, rather than to liver fibrosis. One year after PTA, the patient's HV waveform had further improved to a triphasic pattern (Fig. 1A) , and his LS value was 9.4 kPa. Three years after PTA, IVC restenosis had not occurred, the patient's HV waveform remained triphasic, and his LS value had decreased slightly to 7.2 kPa.
Case 2
An 11-year-old male was diagnosed with BCS at a pediatric hospital due to abnormal results of liver function tests. He had been followed at that hospital without interventional therapy, but 2 years after the diagnosis of BCS he presented to our hospital with severe edema in the legs and eyelids. Magnetic resonance imaging (MRI) revealed severe stenosis of the IVC due to a membranous structure. X-ray venography showed complete obstruction of the IVC; thus, intravascular needle puncture followed by balloon dilation was performed. After PTA, the diameter of the IVC had increased to 15 mm and the RHV flow had changed from retrograde to normal antegrade. The patient subsequently underwent routine follow-up at the pediatric hospital where he had been diagnosed with BCS.
At the age of 19 years, the patient was admitted to our hospital due to the exacerbation of lower-leg edema accompanied by splenomegaly and thrombocytopenia. Because MRI suggested restenosis of the IVC ( Fig. 2A) , we examined the HV waveform by Doppler US and assessed LS by TE. As expected, the HV waveform exhibited a flattened monophasic pattern (Fig. 2B ) and the LS value was very high (35.3 kPa). As X-ray venography revealed complete obstruction of the IVC, intravascular needle puncture was performed, as in the first PTA (Fig. 2C) . The pressure gradient across the obstruction was reduced from 11 to 8 mm Hg. On the day after PTA, the HV waveform remained monophasic (Fig. 2B ), but the LS value had decreased to 21.3 kPa. One month after PTA, the HV waveform had changed to a biphasic pattern (Fig. 2B ) and the LS value had decreased further to 14.3 kPa. The site of IVC stenosis remained patent (Fig. 2B) .
After the second PTA, we monitored the HV waveform and LS value at 3-month intervals to detect restenosis of the IVC before it progressed to complete obstruction. At 10 months after the second PTA, the waveform of the RHV had a monophasic pattern (Fig. 2B ) and the LS value had increased to 20.5 kPa. Furthermore, the IVC had narrowed to 4.7 mm and contained a highly echoic structure (Fig. 2B ). Based on these data, we suspected restenosis of the IVC and performed X-ray venography. Although IVC stenosis had recurred, complete obstruction had not yet developed. The stenosis was treated successfully by balloon dilation without needle puncture (Fig. 2D ). One month after the third PTA, the HV waveform exhibited a triphasic pattern and the LS value was 8.4 kPa (Fig. 2B, E ).
Discussion
In patients with BCS, PTA can improve hepatic congestion and prevent liver fibrosis and portal hypertension; however, restenosis often occurs after the procedure. [7] Because complete obstruction of the IVC increases the risk of complications of catheter treatment, timely intervention is critical.
The HV waveform is correlated with the severity of several hepatic diseases. Several groups, including ours, have reported that the HV waveform is associated with liver fibrosis. [11] [12] [13] [14] Liver fibrosis increases parenchymal stiffness and reduces HV wall compliance, which results in flattening of the HV waveform as liver fibrosis progresses. The HV waveform is also a useful indicator of BCS. [6, 15, 16] The loss of phasic oscillation in the HV waveform indicates that cardiac movement is not transmitted to the HV, suggesting obstruction of hepatic outflow. Recovery of phasic oscillation in the HV waveform can be used to assess the therapeutic effect of balloon angioplasty. [17, 18] TE is used routinely for the noninvasive assessment of liver fibrosis. Liver congestion leads to an increased LS value as measured by TE [9, 10] ; therefore, TE can be used to assess the effect of PTA on hepatic congestion in patients with BCS. [19] We investigated the utility of the HV waveform and the LS value measured by TE for the evaluation of the therapeutic effect of PTA and monitoring of the clinical course after angioplasty. In case 1, the patency of the IVC was maintained for several years after PTA, as indicated by a triphasic HV waveform and a low LS value. In case 2, the LS value increased gradually after the second PTA while the HV waveform remained biphasic, indicating the progression of hepatic congestion due to the development of IVC stenosis. The HV waveform ultimately flattened, suggesting severe restenosis of the IVC. Therefore, LS may be highly sensitive for the detection of IVC restenosis, and the HV waveform may be useful for determination of the timing of interventional therapy.
The finding of HV waveform must be carefully interpreted, as it reflects both cardiac and hepatic physiology as well as simple Nakatsuka et al. Medicine (2019) 98:45 Medicine heartbeat. We have previously shown that HV waveforms can be detected even in patients with right heart dysfunction under Fontan circulation, thus circulatory dynamics might not greatly influence the shape of the HV waveform. [14] In BCS patients who have already had cirrhosis due to prolonged liver congestion, the HV waveform may not improve after PTA, because the phasic waveform is lost as liver fibrosis progresses. [11] In conclusion, we report 2 cases of BCS in which the HV waveform and the LS value determined by TE enabled the identification of IVC stenosis. Monitoring of the HV waveform The waveform of the RHV before and after PTA. The waveform was monophasic before treatment. One day after PTA, the HV waveform changed to biphasic and remained so for 1 month. One year after PTA, the HV waveform had adopted a normal triphasic pattern. (B) X-ray venography revealed complete obstruction of the IVC; thus, it was expanded by 14-gauge needle puncture followed by balloon dilation. After PTA, the contrast agent flowed from the IVC to the right atrium. Before the second PTA, a membranous structure was detected in the IVC (arrow) and the HV waveform was monophasic. One day after PTA, the IVC had opened slightly while the HV waveform remained monophasic. One month later, the IVC had expanded to 11 mm and a biphasic waveform was detected, which was maintained for 7 months. Ten months after the second PTA, the IVC had narrowed to 4.7 mm, the HV waveform exhibited a monophasic pattern, and a highly echoic structure was present in the IVC (arrow). After the third PTA, the IVC had expanded to 12.6 mm and the HV waveform was triphasic. (C) X-ray venography during the second PTA. The completely occluded IVC was expanded by 14-gauge needle puncture followed by balloon dilation. (D) X-ray venography during the third PTA; the narrowed IVC was expanded by balloon dilation. 
